Abstract. A dry deposition scheme has been developed for the chemistry general circulation model to improve the description of the removal of chemically reactive trace gases at the earth's surface. The chemistry scheme simulates background CH4-CO-NO xHOx photochemistry and calculates concentrations of, for example, HNO3, NO•, and 0 3. A resistance analog is used to parameterize the dry deposition velocity for these gases. The aerodynamic resistance is calculated from the model boundary layer stability, wind speed, and surface roughness, and a quasi-laminar boundary layer resistance is incorporated. The stomatal resistance is explicitly calculated and combined with representative cuticle and mesophy|| resistances for each trace gas. The new scheme contributes to internal consistency in the model, in particular with respect to diurnal and seasonal cycles in both the chemistry and the planetary boundary layer processes and surface characteristics that control dry deposition. Evaluation of the model indicates satisfactory agreement between calculated and observed deposition velocities. Comparison of the results with model simulations in which the deposition velocity was kept constant indicates significant relative differences in deposition fluxes and surface layer trace gas concentrations up to about _+35%. Shortcomings are discussed, for example, violation of the constant flux approach for the surface layer, the lacking canopy description, and effects of surface water layers.
lnlroduction
The removal of gases and particles from the atmosphere by turbulent transfer and uptake at the Earth's surface is a primary mechanism to cleanse the atmosphere and deliver chemical doses to the surface [Wesely, 1989] . This removal of trace gases at the surface by chemical, physical, and biological processes, in the absence of precipitation, is defined as dry deposition. The dry deposition flux of trace gases is often parameterized in models as the concentration of the trace gas at a specific height multiplied by a deposition velocity (l/•t), which depends on atmospheric parameters as well as specific surface parameters. This deposition velocity is usually expressed in terms of an aerodynamic resistance, which is a function of the physical state of the atmosphere and a surface resistance, which is a function of the chemical, physical and biological properties of the surface [Chameides, 1987] . Measurement campaigns have confirmed the dependence of the deposition velocity on surface characteristics [Fuentes et al., 1992; Lenschow et al., 1982; BaMocchi, 1993; Massman et al., 1994] . Uptake by the vegetation is a major sink for many trace gases and deposition velocities are related to the diurnal and seasonal cycles in plant activity and specific physical properties of the vegetation. Also, for surfaces covered by water layers or sparse vegetation the uptake processes can show a temporal dependence and relations with site specific physical properties, for example, the presence of snow or ice.
A dry deposition model, similar to that presented by Hicks et
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where R• is the aerodynamic resistance, which is a function of the turbulence in the surface layer, R• is the quasi-laminar boundary layer resistance (QBR), partially controlled by molecular diffusion, and Rsurf is the combined resistance of all transfer pathways which play a role in the uptake of trace gases by the surface.
Aerodynamic-and Quasi-laminar Boundary Layer

Resistance
The aerodynamic resistance is given by The aerodynamic resistance for a specific trace gas X (R,x) can be expressed as the sum of the aerodynamic resistance, and an additional quasi-laminar boundary layer resistance Rbx. This resistance arises in the trace gas flux calculations because of different roughness lengths for momentum (ZOrn) and trace gases (Zox) [Fuentes et al., 1992 , and references therein]:
trace gases is about 3 times smaller than for momentum, yielding a logarithmic ratio In (zo,•/Zox) of about 1. Since R•,x is often significantly smaller than R, and R•,ur f, the computation of the deposition velocity for a specific trace gas, l/dX, will not be very sensitive to the chosen definition of R•,x. This will also be shown in the presentation of the results (section 4). 
and that over vegetation by 1 Rsurf = LAl/rleaf + 1/rsoil (7) where LAI is the single-side total area of leaves/needles per area surface, r•½af is the leaf/needle resistance which is the resultant resistance of the serial mesophyll and stomatal resistance, fmcs, and rstom , and a parallel cuticular resistance, rcu t. The relative importance of r•,oi • in (7) increases with a decreasing LAI; locations without vegetation have an LAI of zero. In ECHAM the rstom of the canopy is calculated as a function of the photosynthetically active radiation (PAR) and the available water in the root zone F(Ws) according to Sellers et al. (8) [Wesely, 1989] . This threshold deposition velocity is required for the scheme since the large-scale model surface roughness is dependent on the orography, resulting in very small aerodynamic resistances above mountainous regions. The HNO3 surface resistance for snow and ice surfaces is calculated from the model's surface temperature, according to the relationship by Wesely [1989] , based on the observations by Johannson and Granat [1986] .
One should bare in mind that only the dry deposition of gaseous HNO3 is calculated by our scheme. In reality some HNO3 is removed from the lower troposphere by gas-toparticle conversion of HNO3 and subsequent removal of aerosol nitrate. However, the latter process has not yet been incorporated in the chemistry scheme. For more information concerning the calculation of wet deposition of HNO3 in the chemistry scheme we refer to Roelofs and Lelieveld [1995] . gases. In the dry deposition scheme a value of 600 s m-• is used for NO2, resulting in NO 2 deposition velocities of 2/3 of the 03 deposition velocity over vegetated areas (see equation (7)).
Nitrogen oxides. The dry deposition description for
This value of 600 s m-l is probably reasonably representative
for soils covered by vegetation since all the NO 2 soil conductances in the work by Hanson and Lindberg [1991] were determined in enclosure experiments. It can be expected that turbulent transfer in these chambers was optimal, contrary to the conditions in the canopy for which an additional resistance against turbulent transfer through the canopy to the soil surface should be adopted. Furthermore, high-exposure concentrations were used in the enclosure experiments. It can be expected that for typical tropospheric surface layer NO 2 concentrations, a representative soil resistance will be larger because of a more significant contribution of NO emission. This effect is more pronounced for NO since emission dominates deposition [Stocker et al., 1993] . Therefore NO deposition to soils has been neglected.
Water, snow, and ice: As for 03, the uptake of NO and NO2 is limited by uptake into the aqueous phase and/or reaction with dissolved components [Lee and Schwartz, 1981; Schwartz, 1992 Table 1 shows all the adopted resistances as used in this study.
Results
We present model simulations for the months January and July, for which strong differences in deposition velocities, associated with vegetation activity, chemistry, and meteorology, can be expected. 
Diurnal Cycle and Comparison
Global Distribution of Deposition Velocity, Deposition, and Concentrations
Ozone: Figures 3a and 3b show the January and July average global Vao3 distribution, indicating a distinct spatial distribution over the continents, which is mostly related to differences in surface characteristics. In July, relatively large values of Vao3 occur in the areas with dense vegetation cover, for example, the temperate forests in the northern hemisphere Table 3 shows the relative differences and the absolute levels of 03, HNO3, and NOx deposition in four approximately equal areas of the globe (00-30 ø and 300-90 ø N and S), comparing the new scheme and the "constant Fax" scheme for January and July (for the calculation of relative differences, see section 4.2). Relative differences of dry deposition in the NH are up to 10% for 03, 7% for HNO3, and 29% for NOx. The dry deposition of 0 3 and NOx shows a distinct difference between January and July due to a dependency on surface characteristics and vegetation activity. The relative differences integrated over the entire globe are small for 03 and HNO 3. Application of our new deposition scheme for NOx is most significant for the NH, where dry deposition decreases in winter and increases in summer. Although the differences in trace gas deposition and surface layer concentrations on a global scale may not seem dramatic, regional differences can be significant. Moreover, the new scheme contributes to internal consistency of the model, in particular with respect to diurnal and seasonal cycles in the chemistry, turbulent exchange processes and surface characteristics that control dry deposition.
Global Changes Due to the New Scheme
Discussion
The Further, the compensation point in the NO 2 uptake process by vegetation may be improved in future versions of our scheme. Johansson [1987] observed NO2 emissions from Scots Pine in enclosure experiments at concentrations below the compensation point of 1-3 ppb. In the model, coniferous forests cover large areas of Alaska, Canada, northern Europe and northern Russia, while calculated NO2 concentrations in the surface layer during July are less than 1 ppb over these areas. If the compensation point as observed by Johansson [1987] and Thoene e! al. [1991] is representative for coniferous forests, more NO x will remain in the atmosphere over these areas since dry deposition may be negligible whereas emissions of NO are conceivable. [1992] . Their observations indicate that mechanisms, other than stomatal uptake contribute to the O3 deposition when the foliage is wet. Various assumptions have been made in deposition models regarding the effect of foliage wetness on O 3 uptake. Early models assumed a decrease of the uptake of 0 3 under wet conditions. More recent models make a distinction between foliage wetness caused by rain and by dew to account for their different chemical compositions [Wesely, 1989 ]. In our scheme, the effect of foliage wetness on dry deposition due to rain or dew has not be treated separately since foliage wetness in the ECHAM model (water in skin reservoir) is the net result of both processes. In future, a parameterization by Chameides [1987] deposition to soils is ignored and a soil resistance of 600 s m has been adopted for NO2, yielding a deposition velocity of 2/3 the O3 deposition velocity over vegetation. Considering the uncertainties, the calculated NO• deposition velocities over surfaces with significant soil uptake should be interpreted with care. It is important to improve the parameterization of the soil uptake process in future because the soil resistance basically determines the dry deposition during nighttime due to the large foliage resistance. Furthermore, introduction of an LAI seasonal cycle will result in an increased contribution of r•o• to the surface resistance during winter and for vegetation classes with small LAI values throughout the year. As for the canopy representation, soil data bases will be used to distinguish different soil types and this information will be combined with ECHAM parameters, for example, soil wetness, to calculate more representative soil resistances for different locations in future versions of the model. The calculated HNO3 snow/ice surfaces resistances should be evaluated using additional observations. The O 3 and NOx deposition are relatively small because of the large water and snow/ice resistances. An exact definition of the NO• water and snow/ice surface resistance is not required since the deposition process to water and snow/ice surfaces remains very slow compared to the gas phase reactions [Lee and Schwartz, 1981] . However, even with relatively low l/do 3 values over these surfaces, the contribution of O3 deposition in the overall budget is still significant due to their large areal extent and relatively slow gas phase reactions. For a deposition velocity of about 0.05 cm s-• and an average height of the model's lowest layer of 60 m, the time constant of dry deposition process is 1-2 days, while the average lifetime of ozone in lower troposphere is about 10 days. Thus deposition to water/snow/ice is very significant for the ozone budget of the lower troposphere. This emphasizes the need for a more sophisticated definition of the dry deposition process to these surfaces in future.
Conclusions
Even though considerable uncertainties remain, the dry deposition scheme calculates realistic deposition velocities of 03, HNO3, and NOx over most locations for different meteorological conditions, consistent with diurnal and seasonal cycles in both the chemistry and the planetary boundary layer processes and surface characteristics that control dry deposition. This not only improves the overall model performance but also the possibility to compare the model output with experimental results since most measurements are performed at the surface. In general, we calculate distinct diurnal and seasonal cycles with relatively large deposition velocities during daytime and summer, and lower deposition velocities during nighttime and winter. Incorporation of the scheme in the chemistry general circulation model ECHAM yielded significant changes in the deposition fluxes and concentrations in the lower troposphere compared to a scheme using constant deposition velocities. For example, the new scheme calculates up to about 25% lower 03 concentrations in the surface layer in the summertime continental NH. Dry deposition of HNO 3 is to a large extent controlled by the aerodynamic resistance R,, while that of 03 and NOx is determined mostly by Rsurf, that is, rsoil and rveg. However, R,, is also strongly influenced by surface characteristics, which emphasizes the great importance of realistic representations of these parameters in future versions of the dry deposition scheme.
